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The importance of programmed cell death (PCD) during vertebrate development has been well established. During the development of the
nervous system in particular, neurotrophic cell death in innervating neurons matches the number of neurons to the size of their target field.
However, PCD also occurs during earlier stages of neural development, within populations of proliferating neural precursors and newly
postmitotic neuroblasts, all of which are not yet fully differentiated. This review addresses early neural PCD, which is distinct from
neurotrophic death in differentiated neurons. Although early neural PCD is observed in a range of organisms, from Caenorhabditis elegans to
mouse, the role and the regulation of early neural PCD are not well understood. The regulation of early neural PCD can be inferred from the
function of factors such as bone morphogenetic proteins (BMPs), Wnts, fibroblast growth factors (FGFs), and Sonic Hedgehog (Shh), which
regulate both early neural development and PCD occurring in other developmental processes. Cell number control, removal of damaged or
misspecified cells (spatially or temporally), and selection are the proposed roles early neural PCDs play during neural development. Data
from developmental PCD in C. elegans and Drosophila provide insights into the possible signaling pathways integrating PCD with other
processes during early neural development and the roles they might play.
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to occur during vertebrate development (Glucksmann,
1965). PCD, along with proliferation and differentiation,
plays a significant role in processes such as tissue homeo-
stasis and morphogenesis, thus making it an integral part of
development (Meier et al., 2000; Vaux and Korsmeyer,
1999). Death of differentiated neurons during the develop-
ment of the central nervous system (CNS) has served as a
paradigm to illustrate the importance of PCD (Oppenheim,
1989). During vertebrate development, 50% of all neurons
undergo cell death, a process that is critical for the0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.07.026
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E-mail address: jg130@columbia.edu (J. Gautier).establishment of a definitive pattern of neuronal connec-
tions. This is commonly known as neurotrophic cell death
that is regulated through the competition of limited amount
of nerve growth factor (NGF) released by the target cells
these neurons innervate (Barde, 1989; Hamburger, 1980;
Levi-Montalcini, 1987; Oppenheim, 1989).
In addition to the neurotrophic cell death that takes
place within differentiated neuronal populations, PCD
occurs earlier in development, within populations of cells
that are undifferentiated and still proliferating. We first
summarize the occurrence of PCD within proliferating
neural precursors and newly postmitotic neuroblasts in
different organisms. Next, we review the experimental
evidence for molecular connections between PCD and
early neural development. We describe how the same
factors regulate both PCD and neural development. Lastly,
we speculate on the function(s) of early neural PCD in
vertebrates, drawing analogies from the roles defined by
experiments in Drosophila.274 (2004) 233–244
W. Yeo, J. Gautier / Developmental Biology 274 (2004) 233–244234Description of early neural cell death
Occurrence of PCD early in the development of the
nervous system has been observed in a spectrum of
organisms, ranging from Caenorhabditis elegans to mouse
(Table 1). A common feature of such PCD is that it takes
place early during embryogenesis within the proliferative
or newly postmitotic, but more importantly, undifferenti-
ated populations of cells in the nervous system, and is
often among the earliest cell deaths to be observed during
development. PCD also occurs early during the neural
development of C. elegans and Drosophila, suggesting
that early neural PCD is evolutionarily conserved. How-
ever, unlike neurotrophic cell death resulting from trophic
withdrawal, the trigger(s) of early PCD is largely
unknown.
Invertebrates: C. elegans and Drosophila
The invariant cell lineage of C. elegans has enabled the
exact spatial and temporal localization of cells undergoing
PCD during development. Of the 1090 somatic cells in
the hermaphrodite, 131 cells undergo PCD in a reprodu-
cible fashion, during development to adulthood (Sulston et
al., 1983). One hundred thirteen of these 131 cells die
during embryogenesis. Ninety-eight of these 113 cells
destined to die belong to the AB lineage, which con-
tributes mainly to the neuronal population (Table 1).
While some cells undergo PCD during the proliferative
phase of embryogenesis, majority of these 98 cells
undergo PCD during the early stages of the differentiating
phase. At this stage, none of these cells or their sister cells
in their respective sublineages are fully differentiated
(Sulston et al., 1983).
The first PCD occurring within the neural population in
the Drosophila embryo takes place in the head region at
stage 11, overlapping spatially with the region of
embryonic brain neuroblasts, shortly after their birth
(Abrams et al., 1993; Urbach et al., 2003). PCD occurs
at stage 12 in the trunk (Table 1), in the ventral neurogenic
regions at stage 12, becoming more distinct in one central
and two lateral columns corresponding to the ventral
midline and ventrolateral neurogenic regions at stage 13
(Abrams et al., 1993). PCD overlaps temporally with
neuroblast mitosis, which occurs between stages 9 and 13.
This strongly suggests that PCD takes place within
proliferating or newly postmitotic, nondifferentiated neuro-
nal precursors (Hartenstein and Campos-Ortega, 1984;
Hartenstein et al., 1987).
Early vertebrates: Xenopus and zebrafish
In Xenopus and zebrafish, apoptosis is not observed
during stages of rapid cell division before the mid-blastula
transition (Hensey and Gautier, 1997; Ikegami et al., 1999;
Sible et al., 1997; Stack and Newport, 1997). In Xenopus,early neural PCD is first observed within the anterior
regions of the presumptive neuroectoderm at late gastrula-
tion (stage 12) and remains localized within the neuro-
ectoderm throughout much of the neurulation from stages
15 to 17 (Table 1; Hensey and Gautier, 1998). In Xenopus,
the first axons form after stage 22 (Hartenstein, 1989;
Hensey and Gautier, 1998). The pattern of PCD overlaps
spatially and temporally with the patterns of proliferation
and primary neurogenesis taking place within the neuro-
ectoderm during these stages (Hartenstein, 1993; Hensey
and Gautier, 1998; Yeo and Gautier, 2003).
The first patterned PCD within neural cells of zebrafish
embryos is detected at 12 h post fertilization (hpf) after the
neuroectoderm becomes morphologically distinct (Table 1).
PCD is localized within the rostral half of the developing
central nervous system (CNS), extending caudally as
development proceeds (Cole and Ross, 2001). PCD affects
neuronal precursors or newly differentiated neurons, before
the onset of the extension of axons, which takes place at 16
hpf (Kimmel et al., 1995).
Higher vertebrates: chick and mouse
The first neural PCD observed in the chick is concen-
trated within the anterior neural plate, which corresponds to
the future brain, with scattered PCD in the posterior neural
plate from HH5 to HH8, shortly after gastrulation (Hirata
and Hall, 2000). By HH11, cell death is detected within the
dorsal regions of the neural tube, which corresponds to the
neural crest cells, and within the floorplate, which will
eventually give rise to glial cells (Hirata and Hall, 2000).
These cells are not terminally differentiated, as the earliest
axonal extension, which takes place in the hindbrain, does
not occur until HH11 (Sechrist and Bronner-Fraser, 1991).
Following the closure of the neural tube, regions undergoing
PCD overlap with the proliferating ventricular zones of the
dorsal most region as well as the ventral floorplate regions
(Homma et al., 1994).
In the mouse, the earliest PCD affecting the presumptive
neural tissue is observed within the anterior distal epiblast,
which is destined to become the neural plate, during
gastrulation at E6.5 (Manova et al., 1998). Apoptotic cells
are also found in the hindbrain neural folds between E8 and
E9, lamina terminalis, and optic invagination between E10.5
and E12.5. However, apoptosis in these regions is not
localized within proliferating precursors (Kuan et al., 2000).
Between E12 and E16, PCD occurs within the ventricular
and intermediate zones of the cerebral cortex, which are
comprised of proliferating neural precursors and newly
postmitotic neuroblasts (Blaschke et al., 1996, 1998;
Thomaidou et al., 1997).
These studies describing the spatiotemporal occurrence
of PCD within early stages of neural development in various
organisms are summarized in Table 1. Furthermore, addi-
tional studies have established that early neural PCD is
essential for the normal development of the nervous system
Table 1
Temporal and spatial localization of early neural cell death during embryogenesis
Organism Time of PCD during embryogenesis Location of PCD Reference
Caenorhabditis
elegans
Most cells destined to die do so soon after
gastrulation (300–400 min AFC), after final
division
AB lineage that gives rise
mostly to neurons and
hypodermis
Sulston et al., 1983
Drosophila
melanogaster
8–9 AEL (st 12) during neuroblast
segregation and mitosis
Ventral neurogenic regions
that give rise to CNS
Abrams et al., 1993
Zebrafish 12 hpf (6-somite stage) during primary
neurogenesis and neural tube morphogenesis
Dorsorostral neuroectoderm Cole and Ross, 2001
Xenopus laevis st 12–17 during primary neurogenesis Neuroectoderm Hensey and Gautier, 1998
Chick HH5–HH8 during gastrulation and
neurogenesis
Anterior neural plate Hirata and Hall, 2000
HH17–19 during neurogenesis and regional
specification in neural tube
VZ in roofplate, VMN, and
floorplate
Homma et al., 1994
Mouse E6.5 during gastrulation Anterior distal epiblast that
gives rise to the neural plate
Manova et al., 1998
E14–E16 during cerebral cortex development VZ that comprises of
proliferating and undifferentiated
neural precursors
Blaschke et al., 1996, 1998;
Thomaidou et al., 1997
AFC, after first cell division; AEL, after egg laying; st, stage; CNS, central nervous system; hpf, hours postfertilization; HH, Hamburger and Hamilton stages;
VZ, ventricular zone; VMN, ventral motorneurons; E, embryonic day.
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that of the neurotrophic death occurring later (de la Rosa
and de Pablo, 2000; Kuan et al., 2000). Mutant mice
defective in various regulators of apoptosis exhibit morpho-
logical deformities in the CNS. Expansion of neural tissues
is observed in some mutants, as early as E9.5, before
terminal neuronal differentiation (Cecconi et al., 1998;
Hakem et al., 1998; Kuida et al., 1996; Yoshida et al.,
1998). In addition, Xenopus embryos in which apoptosis is
inhibited by overexpressing Bcl-2 display expanded expres-
sion of genes governing primary neurogenesis before
axonogenesis, indicating that early neural PCD is essential
for normal primary neurogenesis (Yeo and Gautier, 2003).
In summary, early neural PCD is a common essential
process during the initial stages of neural development in
many organisms. The critical characteristic of this PCD is
that it takes place within populations of proliferating neural
precursors or newly postmitotic, undifferentiated neuro-
blasts. It is, therefore, distinct from the well-described
neurotrophic death associated with axon guidance and the
limitation of trophic factor.Regulation of early neural PCD
Whereas many studies have addressed how cells die by
apoptosis during early neural cell death, little is known
about the upstream events regulating the decision to die.
However, molecular connections between pathways regu-
lating early neural development and the apoptotic machinery
are starting to emerge.
Regulation of apoptosis
Much of developmental PCD occurs via apoptosis, a
well-characterized genetic program that exhibits specificmorphological features such as membrane blebbing, nuclear
and cytoplasmic shrinkage, chromatin condensation, and
DNA fragmentation (Kerr et al., 1972; Vaux and Kors-
meyer, 1999). The components of the cellular apoptotic
machinery can be classified into pro-apoptotic regulators
(such as EGL-1, Bax, Bid, CED-4/Apaf-1, Diablo/Smac,
Hid, Grim, Reaper), anti-apoptotic regulators (such as Bcl-2,
Bcl-XL, inhibitors of apoptosis (IAPs)), and key effectors,
the caspases, which belong to a family of cysteine proteases.
Regulation of caspase activities is complex and results from
interactions between anti- and pro-apoptotic regulators. The
cellular apoptotic pathway will not be further discussed
here, as it has been extensively discussed in other reviews
(Danial and Korsmeyer, 2004; Kaufmann and Hengartner,
2001; Marsden and Strasser, 2003; Shi, 2002; Vaux and
Silke, 2003).
Recent studies have shown that engulfing cells play a
positive role in the regulation of apoptosis in the dying cells
(Conradt, 2002; Hoeppner et al., 2001; Reddien et al.,
2001). Mutant mice deficient in phosphatidylserine receptor,
required for the clearance of apoptotic cells, exhibit
expanded neural tissues, reminiscent of those observed in
mutant mice deficient in Casp3, Casp9, or Apaf1 (Li et al.,
2003). In addition, microglia is required for the death of
Purkinje neurons in postnatal mice (Marin-Teva et al.,
2004). These results uncover an additional level of
regulation on apoptosis, which may play a role in the
regulation of early neural cell death.
Common regulators of neural development and PCD
During development, cell type specification and cell
differentiation are tightly coordinated spatially and tempo-
rally with cell proliferation and cell death, which regulate
cell numbers. During development, the same molecules
regulate both PCD and other developmental processes
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are involved in cell fate specification, cell proliferation, and
differentiation in the early neural development, and also
propose that they might regulate early neural PCD.
Bone morphogenetic proteins
Bone morphogenetic protein (BMP)-mediated regulation
of PCD has been extensively studied during the segregation
of neural crests during which rhombomeres 3 and 5 undergo
apoptosis, and during the development of the limb bud, in
particular, where the interdigital necrotic zone (INZ) under-
goes apoptosis (Ganan et al., 1996; Graham et al., 1994,
1996; Yokouchi et al., 1996; Zuzarte-Luis and Hurle, 2002).
BMP-4 overexpression leads to increased PCD in both
neural crests and limb bud. Furthermore, local application of
BMP4 in forebrain explants of mice and overexpression of
BMP4 in cultured sympathetic neuroblasts result in inhib-
ition of proliferation and increase in apoptosis (Furuta et al.,
1997; Gomes and Kessler, 2001). Overexpression of
dominant negative forms of BMP receptors results in
reduced PCD in the developing limb (Yokouchi et al.,
1996; Zou and Niswander, 1996). Overexpression of a
constitutively active form of BMP receptor Type IB
caBMPR-IB promotes both cartilage formation and apop-
tosis in undifferentiated mesenchymal cells (Zou et al.,
1997).
BMP signaling in the CNS is required for dorsal cell fate
specification in the neural tube. Subsequently, BMPs are
involved in the maintenance of proliferation, mitotic exit,
and subsequent differentiation of dorsal neural precursors
(Panchision and McKay, 2002). Overexpression of con-
stitutively active caBMPR-IA results in enhanced dorsaliza-
tion and proliferation while overexpression of caBMPR-IB
results in either enhanced apoptosis in earlier stages or
enhanced differentiation in later stages (Panchision et al.,
2001). This suggests that regulation of early neural PCD is
associated with differentiation mediated by BMPs (Panchi-
sion and McKay, 2002).
It is not yet clear how BMPs elicit apoptosis. A direct
link between this signaling cascade and the cellular
apoptotic machinery has yet to be demonstrated. A possible
link could be provided by the inhibitors of apoptosis (IAPs).
XIAP physically interacts with TAKI, which in turn
interacts with BMP receptors BMPR-I and BMPR-II. In
addition, XIAP cooperates with the ventralizing activity of
TAK1-TAB1 in Xenopus embryos (Yamaguchi et al., 1999).
It is tempting to speculate that the interaction of XIAP with
different BMP receptors correlates with the receptors’ effect
on apoptosis. In addition, DIAP1 and DIAP2 have been
demonstrated to interact with Dpp (Drosophila homolog of
BMP) receptor Tkv (Oeda et al., 1998).
Wnt proteins and c-Jun N-terminal kinases
Depending on the context, Wnt signaling can either
facilitate or prevent PCD. Wnts, like BMPs, are involved in
the regulation of PCD within rhombomeres 3 and 5, andlimb buds (Ellies et al., 2000; Grotewold and Ruther, 2002).
There is a negative correlation between secreted Wnt-
binding protein (sFRPs) expression and the occurrence of
PCD in rhombomeres 3 and 5 (Ellies et al., 2000). Wnt
signaling is required for BMP- and Msx-2-mediated
apoptosis in rhombomeres 3 and 5, while in even-numbered
rhombomeres, which do not undergo apoptosis, sFRPs
antagonize the death-promoting Wnt signal. In contrast, the
transcription of Dkk-1, a secreted Wnt-binding protein, is
induced by BMPs and fibroblast growth factors (FGFs) in
the dying regions in the limb bud, and exogenous
application of Dkk-1 induces apoptosis in the limb bud by
inhibiting Wnt signaling (Glinka et al., 1998; Grotewold and
Ruther, 2002). Therefore, unlike that in rhombomeres, death
in the limb bud requires the inhibition of Wnt signaling.
Wnt signaling is required for survival and proliferation
of premigratory neural crest cells (Ikeya et al., 1997). Wnt
signaling is also required for the proliferation of dorsal cell
types in the neural tube while repressing differentiation
(Megason and McMahon, 2002). Thus, Wnts may regulate
early neural PCD in a coordinated manner with the
proliferative or differentiated state of neural precursors in
a manner similar to that of BMPs. Indeed, Wnt-mediated
patterning of the neural tube occurs downstream of the
BMP pathway (Muroyama et al., 2002; Panchision et al.,
2001).
Hid, a pro-apoptotic factor that relieves IAP-mediated
inhibition on caspases, could be a link between Wnt
signaling and the cellular apoptotic machinery. hid interacts
genetically with the canonical Wg (Wnt) signaling in
Drosophila (Cox et al., 2000). In the wing disc, cells
deprived of Wg signaling upregulate hid expression and
undergo PCD (Johnston and Sanders, 2003). GSK3h, a
component of the canonical Wnt pathway, is required for the
activation of pro-survival genes by NF-nB in fibroblasts
(Hoeflich et al., 2000).
Wnt could regulate PCD through the c-Jun N-Terminal
kinase (JNK) signaling pathway. Overexpression of Wnt
receptor XFz8 in Xenopus embryos induces apoptosis that is
independent of its known Wnt ligands but may be mediated
by JNK signaling (Lisovsky et al., 2002). Dkk-1-mediated
apoptosis in the limb bud is BMP-dependent and is
regulated by c-Jun, a target of JNK signaling (Grotewold
and Ruther, 2002). The link between BMP and JNK
pathways in the induction of Dkk-1 may lie in TAK-1,
which is a common component of both the pathways, as
well as a regulator of PCD itself (Kimura et al., 2000;
Shibuya et al., 1998; Takatsu et al., 2000; Yamaguchi et al.,
1999). Overexpression of TAK-1 in the eye imaginal disc of
Drosophila activates JNK by acting as an upstream JNKKK
(JNK kinase kinase), resulting in increased apoptosis
(Mihaly et al., 2001).
While JNK3 is involved in excitotoxic and stress-
mediated neuronal death, the roles played by JNK1 and
JNK2 in early neural PCD are less clear (Kuan et al., 1999;
Yang et al., 1997). jnk1/jnk2/ mutant mice display two
Table 2
Molecules involved in early neural development as well as PCD in other developmental processes
Type of molecule Location of
developmental PCD
Role in
developmental PCD
Role in early
neural development
Putative link with apoptosis
Bone morphogenetic
proteins (BMPs)
r3 and r5 Required for PCD
in r3 and r5,
and limb bud
Inhibits neural induction TAK1 bridges interactions
between BMP receptors and
XIAP (Yamaguchi et al., 1999).
Necrotic zones
in limb bud
Induces of dorsal cell
fates in neural tube
Coordinates proliferation
and differentiation of
dorsal cell types
Wnt r3 and 5 Required for BMP-
mediated PCD
in r3 and r5
Inhibition of Wnt signaling
required for anteriorization
hid interacts genetically with Wg
signaling in Drosophila
(Cox et al., 2000).
Necrotic zones
in limb bud
Inhibition of Wnt
signaling induces
PCD in limb bud
Involved in BMP-mediated
dorsal induction, neural crest
fate induction, proliferation,
and survival
c-Jun N-terminal
kinases (JNKs)
Neural folds
in hindbrain
Required for PCD
in hindbrain neural
folds
JNK pathway regulates apoptotic
machinery (Lin, 2002 and
references therein).
Neuroepithelium
in forebrain
Required for survival
in forebrain
neuroepithelium
Sonic Hedgehog (Shh) Ventral VZ in
neural tube
Overexpression
increases PCD in
ventral VZ
Induction of ventral cell fates
in neural tube
Caspase cleavage of intracellular
domains of Patched is required
for Patched-mediated apoptosis
(Thibert et al., 2003).Suppresses apoptosis
in axial tissues
following removal
of notochord and FP
Coordinates proliferation and
differentiation of ventral cell
types
Growth Factors:
fibroblast growth
factors (FGFs),
insulin and insulin-
like growth factors
(IGFs), and
neurotrophins
Various cell types
within the nervous
system: proliferating
precursors to
differentiated neurons
(see text)
Promote survival of
various cell types
(see text)
Proliferation and differentiation
context-dependent effects.
IL-3 and IGF-1 phosphorylates
BAD, leading to binding with
14-3-3 (Datta et al., 1997).
VZ, ventricular zone; FP, floorplate; r, rhombomere; CNS, central nervous system.
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(Kuan et al., 1999). PCD is reduced in the dorsal region of
the neural folds in the hindbrain, resulting in a failure of fold
closure in both jnk1/jnk2/ mutant mice and chick in
which JNK signaling is reduced (Kuan et al., 1999; Weil et
al., 1997). However, jnk1/jnk2/ mutant mice also
display increased apoptosis in the undifferentiated neuro-
epithelium in the forebrain (Kuan et al., 1999). Therefore, it
is unclear how JNKs regulate PCD as JNK signaling is both
required for the occurrence of PCD in the neural folds of the
hindbrain, essential for fold closure, and for the survival of
the forebrain neuroepithelium. JNK signaling also mediates
PCD that occurs as a result of aberrant levels of morphogens
in the wing imaginal discs of Drosophila, further supporting
its role in PCD regulation (Adachi-Yamada and O’Connor,
2002; Adachi-Yamada et al., 1999).
Sonic Hedgehog
Sonic Hedgehog (Shh) expression overlaps with the
region of dying cells localized in the ventral regions of the
chick neural tube. Overexpression of Shh results in an
increase in apoptosis in these regions, concomitant with the
expansion of ventral cell fates (Oppenheim et al., 1999).Overexpression of Shh in Xenopus increases PCD within
the neuroectoderm during primary neurogenesis (Paganelli
et al., 2001).
On the other hand, surgical removal of the floorplate and
notochord in chick results in massive apoptosis in the
overlying neural tube and axial tissues. The surgery results
in Shh withdrawal and the cell death phenotype is sup-
pressed by the application of exogenous Shh (Charrier et al.,
2001). Similarly, antibody-mediated inhibition of Shh
activity in cranial neural crests results in widespread
apoptosis in the cranial neuraxis (Ahlgren and Bronner-
Fraser, 1999).
Graded Shh signaling is required for the specification of
ventral identity in the neural tube (Chiang et al., 1996;
Ericson et al., 1995; Marti et al., 1995; Roelink et al., 1995).
Analogous to BMPs in the dorsal regions, Shh regulates the
growth and patterning of the neural tube by promoting
proliferation of ventral precursors and subsequently, ventral
differentiation (Panchision and McKay, 2002). Shh opposes
BMP2-mediated differentiation in the ventral regions (Zhu
et al., 1999). Therefore, regulation of PCD by Shh may be
similar to that of BMPs in that it is coordinated with its
regulation of ventral differentiation in the neural tube. It is
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survival effects of Shh may be mediated by the inhibition of
BMP signaling through either suppression of BMPR-1B or
induction of BMP antagonists Noggin and Gremlin (Hir-
singer et al., 1997; Hsu et al., 1998; Khokha et al., 2003;
Panchision et al., 2001; Zuniga et al., 1999).
A recent study suggests a direct link between the Shh
pathway and cellular apoptotic machinery. Overexpression
of Patched, the receptor for Shh, in the absence of its ligand,
results in enhanced apoptosis in both cell cultures and
neuroepithelium of chick, and this apoptosis is attenuated by
the binding of Shh (Thibert et al., 2003). Interestingly,
Patched is cleaved by Caspase-3 in the C-terminal intra-
cellular domain and this cleavage is required for the ability
of Patched to induce apoptosis.
Growth factors: FGFs, IGFs, neurotrophins
Growth factors such as fibroblast growth factors (FGFs),
insulin, insulin-like growth factors (IGFs), and neuro-
trophins (NT-3) are essential for survival of postmitotic
differentiated neurons both in vivo and in vitro (Farinas et
al., 2002; Ford-Perriss et al., 2001; Varela-Nieto et al.,
2003). FGF-2 and NT-3 promote proliferation of neural
precursors, but it is unclear how they influence survival of
these precursors (Elshamy and Ernfors, 1996; Farinas et al.,
1996; Vaccarino et al., 1995, 1999).
Insulin promotes survival of neural precursors, in
particular in the neuroepithelium of the developing chick
retina. Application of insulin suppresses apoptosis in
cultured chick retinal neuroepithelium and in vivo anti-
body-mediated inhibition of insulin signaling results in an
opposite effect—an increase in PCD observed in the
neuroepithelium (Diaz et al., 1999, 2000). In addition,
IGF-1 protects cultured neural precursors from apoptosis
(Drago et al., 1991). Protection from apoptosis by insulin
may be mediated by Akt (Chen et al., 1998; Diaz et al.,
2000). Factors such as interleukin-3 (IL-3) and IGF-1
promote survival by activating Akt which in turn phosphor-
ylates BAD. Phosphorylated BAD binds to 14-3-3, attenu-
ating the pro-apoptotic activity of BAD (Datta et al., 1997;
del Peso et al., 1997; Zha et al., 1996). However, early
neural development is not impaired in mice deficient for
bad or mutant mice homozygous for a mutant form of BAD
that cannot be phosphorylated in response to survival factors
(Datta et al., 2002; Ranger et al., 2003). This suggests that
BAD phosphorylation is not essential in regulating survival
within early neural precursors.
Like the morphogens previously discussed, IGFs and
neurotrophins also promote differentiation of neural pre-
cursors, and FGFs were recently shown to be involved in
neural patterning and cell fate specification (Farinas et al.,
2002; Martinez et al., 1999; Tropepe et al., 2001; Varela-
Nieto et al., 2003; Xu et al., 2000). It is likely that their
effect on early neural PCD is dependent on their specific
effect on proliferation or differentiation, similar to that of
BMPs.Molecular connection between apoptosis and development:
studies in C. elegans
How modulations of the activity of early neural
regulators affect the level of PCD in vertebrates still remains
to be established. In particular, any direct connection with
the cellular apoptotic machinery has yet to be demonstrated.
The invertebrate C. elegans has provided much insight to
the genetic regulation of apoptosis (Liu and Hengartner,
1999). Likewise, studies in this organism have demonstrated
the presence of developmentally regulated pro-survival and
pro-death signals upstream of the cellular apoptotic machi-
nery (Baehrecke, 2002). In the case of the apoptosis of
neurosecretory motorneuron (NSM) sister cells, a direct link
between developmental regulation and the regulation of the
cellular apoptotic machinery has been demonstrated.
PCD maintains the invariant cell number and lineage in
C. elegans by removing excess cells generated during
development. NSM sister cells are removed via apoptosis
(Horvitz, 1999). The genetic pathway regulating PCD
specifically in these cells has been identified (Fig. 1).
Transcriptional regulation of the pro-apoptotic BH3-only
protein EGL-1 regulates the onset of apoptosis. Snail
transcription factor CES-1 represses egl-1 expression while
it is repressed by CES-2, a member of the PAR family of
bZIP transcription factors (Ellis and Horvitz, 1991; Metz-
stein and Horvitz, 1999; Metzstein et al., 1996). Positive
regulation is mediated, in part, by bHLH-2 and bHLH-3,
two basic helix-loop-helix transcription factors that play
roles in neuronal development (Krause et al., 1997; Portman
and Emmons, 2000; Thellmann et al., 2003). Together, they
regulate the onset of apoptosis specifically within NSM
sister cells.
While such a signaling cascade during early neural
development remains to be identified in vertebrates, some
analogies can be drawn. First, modulating the levels of
bHLH proteins involved in neural development in
vertebrates affects the level of PCD occurring in prolif-
erating precursors and newly mitotic neuroblasts. Mice
deficient in Hes1, a bHLH factor that negatively regulates
neuronal differentiation, exhibit accelerated neuronal dif-
ferentiation with increased apoptosis (Nakamura et al.,
2000). Overexpression of Math1, another bHLH factor that
promotes neuronal differentiation, results in a concomitant
increase in apoptosis in the proliferative ventricular zones
(Isaka et al., 1999). Ablation of Notch1 results in
premature differentiation in the proliferating neuroepithe-
lium of the cerebellum, probably due to the precocious
expression of Mash1, a bHLH gene that promotes neuro-
nal differentiation (Lutolf et al., 2002). In Xenopus,
reduction of XNgnr-1 expression or activity following
the overexpression of XNotch1ICD inhibits neurogenesis
with concomitant reduction of PCD within the neuro-
ectoderm (Yeo and Gautier, 2003). However, overexpres-
sion of Notch1ICD at the forebrain–midbrain boundary
results in increased p53-dependent apoptosis in the
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suggests that the action of Notch on early neural cell death
is context dependent.
Secondly, both transcriptional regulation and posttrans-
lational modification of pro-apoptotic BH3-only proteins
are critical for the regulation of apoptosis in vertebrates
(Marsden and Strasser, 2003). In particular, transcriptional
regulation of Bim, a pro-apoptotic protein, is critical to
promote apoptosis mediated by stress and serum depriva-
tion in neurons (Gilley et al., 2003; Hongisto et al., 2003;
Linseman et al., 2002). Hence, it is tempting to speculate
that a signaling cascade regulates the expression of
cellular apoptotic factors, such as Bim, through the actions
of bHLH factors, similar to that observed in C. elegans.
The effect of neural bHLH factors on both neurogenesis
and apoptosis is consistent with the idea that early neural
PCD is associated with the onset of neuronal differ-
entiation of uncommitted precursors, as suggested by
studies on BMPs (see above; (Panchision and McKay,
2002).
Summary
From the reviewed literature, we propose that molecules
regulating early neural PCD are the same ones that also
regulate early neural development, coordinating and
integrating PCD with other neural developmental processes
(Table 2). While there is significant variability in the
actions of different molecules on PCD, the common thread
is that early neural PCD occurs when neural precursors
embark on a program of differentiation. These signaling
pathways regulate early neural development by promoting
and maintaining of proliferation and triggering of differ-
entiation. In many cases, PCD is augmented when differ-
entiation is enhanced or accelerated, and attenuated when
differentiation is reduced, often as a result of keeping the
cells proliferative.
Data from C. elegans can be used as a paradigm to
investigate how transcriptional cascades regulate the
apoptotic machinery during vertebrate neural development.
Understanding the developmental regulation of early neural
PCD will unveil the position(s) at which PCD functions in
the sequence of events occurring during early neural
development. This is, in turn, critical to the unraveling
of the roles played by early neural PCD.Fig. 1. Genetic pathway controlling apoptosPhysiological roles of early neural PCD
Importantly, cell death is required during the early phases
of neural development before terminal differentiation.
Although these important roles are still mostly speculative,
it is reasonable to propose that they should be reminiscent of
the roles played by PCD during other developmental
processes (de la Rosa and de Pablo, 2000; Haydar et al.,
1999; Jacobson et al., 1997; Voyvodic, 1996). Indeed, PCD
functions during development are conserved throughout
evolution from fly to mammals.
Correction of errors during differentiation
Cells with errors acquired during differentiation may be
marked to die as a measure of quality control. During the
development of the nervous system, cells exit mitosis to
undergo an elaborate and highly regulated process of
differentiation, in which molecules such BMPs, Wnts,
Shh, FGFs, and Notch are involved at various stages. It
has been proposed that early neural PCD may be closely
related to the commitment to differentiate and may take
place when selective mechanisms associated with differ-
entiation are activated (Blaschke et al., 1998; de la Rosa and
de Pablo, 2000; Yeo and Gautier, 2003).
Fixing errors: spatial aspects
Morphogens regulate cell fate in a concentration-depend-
ent fashion and morphogenetic gradients are responsible for
many patterning events during development (Cooke, 1995;
Neumann and Cohen, 1997). These gradients are essential to
proper development and their maintenance is tightly
regulated. In the Drosophila wing disc, maintenance of
morphogen gradients has been connected with apoptosis.
PCD is used there to remove cells that disrupt Dpp and Wg
gradients (Adachi-Yamada and O’Connor, 2002; Adachi-
Yamada et al., 1999). Cells with aberrant levels of Dpp or
Wg within the wing disc cause discontinuities within the
smooth gradients. Such discontinuities are corrected via
both cell-autonomous and cell non-autonomous JNK-
mediated apoptosis, which removes the disruptive culprits,
restoring gradient continuity. As we have reviewed above,
in vertebrates, the molecules, which regulate early neural
development through the establishment of morphogenetic
gradients, also regulate PCD. Aberrant level of develop-is in NSM sister cells in C. elegans.
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apoptosis, thus eliminating cells engaging in inappropriate
developmental program.
In addition, borders between populations of different cell
fates are areas of potential signaling conflict or ambiguity in
identity. In Drosophila, PCD is used to remove cells to
sharpen and refine the borders of segments in the embryo
(Pazdera et al., 1998). Hox proteins, downstream targets of
morphogen signaling, have been shown to regulate PCD in
segment borders and notochord in Drosophila and Xenopus,
respectively (Lohmann et al., 2002). We would like to
speculate that some of the PCD observed at the border of the
neural plate in the Xenopus embryo fulfill such a role
(Hensey and Gautier, 1998).
Recent work has demonstrated that the receptor for Shh
Patched, may function as a dependence receptor in
vertebrates (Thibert et al., 2003). Ligand dependence
receptors induce cells to undergo apoptosis if the receptors
remain unoccupied by its ligand, ensuring the survival of
cells that remain close to the source of appropriate
developmental ligands. Hence, cells that are mis-posi-
tioned due to developmental aberrations are eliminated
because of the failure to receive survival cues (Guerrero
and Ruiz i Altaba, 2003). Dependence receptors such as
UNC5H (netrin-1 receptor) are involved in the survival of
neurons during axonogenesis (Llambi et al., 2001). It is
conceivable that similar mechanisms regulate PCD,
although using different molecules, at different stages of
neural development.
It has been proposed that most developing cells require
signals from other cells to avoid PCD and survive; in
their absence, the cell undergoes PCD, further suggesting
an extreme view that death is the default fate of most
cells (Raff, 1992). This is consistent with the proposed
role of quality control of early neural PCD. Having cells
depend on survival signals from other cells mean that
cells that are deprived of the correct sets of signals
crucial for their survival, as a result of developmental
errors, will be eliminated. Therefore, it is possible that the
molecules, which both regulate early neural PCD and
PCD during other developmental processes, are these
survival signals.
Fixing errors: temporal errors
Temporal regulation is essential in the development of
the nervous system. Cortical stem cells harvested from
earlier stages give rise to neuronal clonal populations while
the ones from later stages give rise to glial clonal
populations (Qian et al., 2000). Therefore, timing of mitotic
exit to embark upon differentiation is crucial in the
determination of proper cell fate specification. Overexpres-
sion of caBMPR-IR in proliferating precursors from the
early stages leads to apoptosis while the same over-
expression in cells from later stages leads to neurogenesis
(Panchision et al., 2001). This suggests PCD in proliferative
neural precursors ensures that untimely differentiationsignals do not lead to premature neurogenesis (Panchision
and McKay, 2002).
Selection
Another role of early neural PCD can be that of cell
selection. Selection does not affect damaged or compro-
mised cells, but perfectly healthy cells. In principle, this is
similar to the negative selection that takes place in the
development of T cells in the thymus. Mice deficient in
proteins involved in nonhomologous end joining (NHEJ;
XRCC4, Ku-70, Ku-80 and DNA Ligase 4), a process
involved in repair of DNA double strand breaks, exhibit
massive apoptosis in the newly postmitotic neuroblast
population (Gao et al., 1998; Gu et al., 2000). This suggests
a possible mechanism by which phenotypic variability in
neural cells is achieved. It is conceivable that NHEJ-
mediated gene rearrangement is a part of normal neural
development, as it is of the maturation of the immune
system. Early neural PCD could be a consequence of cell
selection following genetic rearrangements. Deficiency in
NHEJ enzymes results in the failure of religation of the
DNA during these genetic rearrangements, leading to
massive apoptosis. The occurrence of NHEJ-mediated gene
rearrangement in neuronal development is, however, highly
speculative. Rearrangement could potentially generate cell
populations with variable responses to the morphogens
regulating both neural development and PCD. In turn, this
variability could be the physiological basis for cell selection.
Other roles of early neural PCD
In addition to PCD connected to programs as a
consequence of the early neural function of BMPs, Shh,
and Wnts, PCD also occurs within proliferating precursors.
These dividing cells have yet to embark on a differentiation
program and PCD within these populations might fulfill
distinct functions.
Removal of extra and unwanted cells
One particular role to consider is the elimination of
unwanted cells. Accumulation of excess cells required for
the formation of a viable embryo occurs during animal
development and these extraneous cells are later eliminated
by PCD (Jacobson et al., 1997). The Neurotrophic Theory
illustrates the removal of extra cells during the later stages
of the development of the nervous system. Removal of
extra cells produced during development may explain the
death of cells along some neuronal lineages in C. elegans
before neuronal differentiation. PCD, as a mechanism of
cell number control, would be very efficient at early stages
of neural development, acting on proliferating neural
precursors considering the exponential growth of these
precursors later in development (Kuan et al., 2000; Rakic,
1995). Early neural PCD has been proposed to govern the
size of the mammalian cortex (Haydar et al., 1999).
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early neural PCD in Xenopus. Inhibition of cell division,
with chemical means, in gastrulating embryos does not
interfere with primary neurogenesis nor early neural PCD
(Harris and Hartenstein, 1991; Yeo and Gautier, 2003).
Therefore, the role of PCD in regulating total cell number
may be species specific.
Removal of cells damaged as a consequence of proliferation
Damaged cells require removal for the general health of
the population. Errors may arise during proliferation, for
example, during DNA replication, and will signal death if
they are deemed irreparable. An alternative but less
speculative explanation for the occurrence of double-strand
breaks (DSBs) in early neural precursors is that DSBs can
arise from replication errors. Repair of these DSBs involves
proteins mediating NHEJ, and mice deficient for such
proteins, in which repair is not possible, exhibit massive
apoptosis in early neural tissue. In addition, apoptosis in
Lig4/ mice is mediated by p53, supporting that the gene
deficiency leads to accumulation of unrepaired DSBs, which
can result in p53-dependent apoptosis (Frank et al., 2000).
This further suggests that proliferating neural precursors are
either more susceptible to DSBs during replication than
other proliferating cell populations or apoptosis is the
preferred outcome of DNA damage in neural precursors
(Frank et al., 2000; Voyvodic, 1996).Concluding remarks
PCD, like cell division and differentiation, is an integral
process of normal development. A cumulative body of
evidence, reviewed in this article, highlights its importance
to the early stages of neural development. PCD appears to be
critical for cell number control, spatial and temporal
regulation of neural development, quality control, and
phenotypic selection. These events are crucial to proper
neural development. Working hypotheses to understand the
developmental regulation of early neural PCD can be built
from our knowledge of other developmental processes.
Experimental systems such as C. elegans and Drosophila
have contributed much insight both in the integration of the
cellular apoptotic machinery with the developmentally
regulated events taking place upstream and in the potential
roles PCD plays in early neural development. However, there
is still much to investigate specifically within early neural
development before a coherent and integrated understanding
of its role can be achieved.Acknowledgments
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